Changes of body color have important effects for animals in adapting to 22 variable environments. The migratory locust exhibits body color polyphenism 23 between solitary and gregarious individuals, with the former displaying a 24 uniform green coloration and the latter having a prominent pattern of black 25 dorsal and brown ventral surface. However, the molecular mechanism 26 underlying the density-dependent body color changes of conspecific locusts 27 remain largely unknown. Here, we found that up regulation of β-carotene-28 binding protein promotes the accumulation of red pigment, which added to the 29 green color palette present in solitary locusts changes it from green to black, 30 and that down regulation of this protein led to the reverse, changing the color 31 of gregarious locusts from black to green. Our results provide insight that color 32 changes of locusts are dependent on variation in the red β-carotene pigment 33 binding to βCBP. This finding of animal coloration corresponds with trichromatic 34 theory of color vision.
the top 8 DEGs, among which 6 had higher expression in the gregarious locusts 126 and 2 had higher expression in the solitary locusts, to screen the key candidate 127 genes involved in the color change. 128 To explore whether these 8 genes regulate body color plasticity during 129 locust phase transition, we carried out transcript knockdown analyses of these 130 7 genes in the gregarious and solitary locusts. Out of the 8 genes, only βCBP 131 showed a significant effect on the regulation of body color transition when it was 132 silenced. After molting, the dark pattern in the pronotum decreased markedly in 133 60% of the gregarious locusts after βCBP knockdown (Figure 1figure   134 supplementary 2). These data imply that CBP serves as a key gene involved in 135 body color change.
136
Phase-related characteristics of the βCBP gene in integument 137 To investigate the correlation of βCBP expression level with the degree of black 138 body coloration of the locust integument, we performed quantitative reverse 139 transcriptase-polymerase chain reaction (qRT-PCR) and found that βCBP was 140 predominantly expressed in the locust integument tissue (Figure 2-figure   141 supplementary 1). Furthermore, consistent with the deeper black color of the 142 pronotum than of the tergum of the thorax and abdomen in gregarious locusts, 143 we found that βCBP expression was significantly higher in the pronotum than 144 in the tergum integuments of the thorax and abdomen in gregarious locusts, 145 whereas little βCBP expression was observed in the terga of solitary locusts, 146 with no variability among the tergum segments (Figure 2A) . Because the black 147 coloration of gregarious locusts gradually increases with nymph developmental 148 stage, we also quantified the βCBP transcript levels in the pronotum of different Figure 2B) . Therefore, the extent of 154 black body coloration in locusts is positively correlated with βCBP expression 155 level. 156 To explore whether βCBP is especially expressed in the black tergum 157 integuments of gregarious locusts, we performed a comparative analysis via with that in the tergum of the thorax and abdomen, the pronota were considered 169 representative of all terga of locusts in the following analyses. We also found 170 that the level of CBP protein in the locust pronotum integuments was 171 significantly higher in the gregarious locusts than in the solitary locusts 172 ( Figure 2D) . Moreover, the protein levels of βCBP declined when the locusts 173 were isolated and increased under the crowding conditions ( Figure 2D ). This 174 9 expression pattern suggests a potential role of βCBP in regulating the body 175 color characteristics of the pronotum and tergum integuments of the thorax and 176 abdomen.
177
To determine whether βCBP is differentially localized in the locust 178 pronotum integuments of gregarious and solitary locusts, we performed 179 immunohistochemistry of βCBP. We found that large amounts of βCBP were 180 widely detected in the intercellular space of the pronotum of gregarious locusts, 181 whereas βCBP was distributed very sporadically in the solitary locusts 182 ( Figure 2E ). The amount of βCBP protein in the pronotum of gregarious locusts 183 was 39.5-fold higher than the corresponding amount in solitary locusts ( Figure   184 2G). Furthermore, the amount of βCBP protein in the locust pronotum was 185 decreased by isolation and increased by crowding ( Figure 2F and G) . 186 Considering that βCBP can bind and accumulate β-carotenes in tissues 187 (Bhosale and Bernstein, 2007) , we assessed the amount of β-carotene binding 188 by βCBP in the pronotum integuments of gregarious and solitary locusts in vivo.
189
The β-carotene content in the gregarious locusts was 2.8-fold higher than that 190 in the solitary locusts ( Figure 2H) . These results suggest that βCBP protein 191 level and the associated β-carotene content are directly correlated with the 192 degree of black coloration of the locust pronotum. Figure 3E and F). 211 We then determined the effects of βCBP silencing on the β-carotene 212 content in the pronotum integuments of locusts. Because there are many free Figure 3H ). integuments increased by 3.4-fold after β-carotene feeding and crowding 241 ( Figure 3H) . A total of 47% of the solitary locusts completely shifted to the 242 typical gregarious body color, and the pronota of 33% of the feeding locusts 243 developed extensive black areas similar to the gregarious body color after 244 feeding with β-carotene and crowding. However, 87% of the locusts retained 245 their green color in the regular diet and crowding treatment (control group) 246 ( Figure 4B) . Thus, βCBP and β-carotene can jointly induce body color changes 247 from green to black associated with phase transition in locusts.
248
To further determine whether the βCBP upregulation induced by β-249 carotene is responsible for the body color change of locusts from green to black, 250 we conducted a rescue experiment by injecting dsβCBP-RNA into solitary 251 locusts pre-fed with β-carotene. After molting, 35.5% of the dsβCBP-injected 252 nymphs pre-fed with β-carotene showed green body color, whereas 15.6% of 253 the green individuals in the dsGFP-injected group pre-fed with β-carotene did 254 so. Correspondingly, the phenotype of black tergum individuals induced by β-255 carotene was rescued only by injection with dsβCBP-RNA ( Figure 4C ). 256 Therefore, βCBP acts with β-carotene to regulate the black body color of 257 gregarious locusts. To confirm the role of the βCBP-pigment complex in black color pigmentation, 261 we performed a pigment immunoprecipitation assay using an antibody against 262 13 the βCBP protein in vitro and in vivo to examine the binding capacity and 263 complex coloration of βCBP with β-carotene ( Figure 5A and B) . We incubated 264 recombinant βCBP (rβCBP) with β-carotene under immunoprecipitation by 265 using βCBP antibody conjugated with protein A-Sepharose ( Figure 5A) . 266 Immunoprecipitation of β-carotene-rβCBP formed a red complex, whereas no 267 red precipitate formed when β-carotene was added to bovine serum albumin 268 (BSA) or when β-carotene in the absence of rβCBP was incubated in the 269 binding buffer followed by immunoprecipitation ( Figure 5A ). It could be inferred 270 that the red precipitate was specific to the rβCBP-β-carotene complex because 271 this complex failed to form in the presence of BSA and β-carotene or in the 272 absence of rβCBP ( Figure 5A) . The pigment immunoprecipitation assay in vivo 273 also showed an accumulation of red pigment in the precipitate of the integument 274 when treated with anti-βCBP-immunoprecipitation compared with IgG-275 immunoprecipitation ( Figure 5B ). Furthermore, we confirmed that the red Figure 5E and H) . Thus, the βCBP-pigment complex is a key mediator 300 of black formation in the pronotum integuments of gregarious locusts.
258

Body color change from green to black is mediated by the red pigment
301
Discussion
302
Our study revealed an undescribed mechanism of body color regulation in Figure 6) . This finding of animal 311 coloration corresponds precisely with the physically trichromatic rule. 312 We demonstrated that βCBP expression is not only positively correlated 313 with the black color of the pronotum in gregarious locusts but also phase-related 314 in response to population density changes. The βCBP expression in solitary 315 locusts was not induced by merely feeding with β-carotene without crowding 316 treatment (Figure 3-figure supplement 3) . Thus, the body color changes of 317 solitary locusts that were induced to form gregarious-like body coloration must 318 rely on crowding treatment and feeding the β-carotene, because only crowding Sakudoh et al., 2011; Sakudoh et al., 2007; W. Wang et al., 2014) . In the 340 silkworm Bombyx mori, the yellow cocoon color is determined by the 341 carotenoid-binding protein gene, which controls the uptake of carotenoids in the 342 silk gland (Sakudoh et al., 2007) . Carotenoid-binding protein mutation produces 343 colorless hemolymph and white cocoons, indicating that carotenoid-binding 344 protein plays a central role in cocoon color pigmentation (Sakudoh et al., 2007; 345 W. Wang et al., 2014) . Mammals often obtain carotenoids by eating plants 346 (Avalos and Limon, 2015; Bryon et al., 2017; Toews et al., 2017) . Once 347 absorbed, carotenoids are transported by lipoproteins, which are homologs of 348 CBP in insects, through the bloodstream to the target tissues. In this process, 349 the abundance and nature of lipoproteins limit the capacity to obtain 350 carotenoids (McGraw, 2006) . As the same, β-carotene-binding protein, as a key 351 mediator of body color production, controls β-carotene content and absorption 352 to produce red color, which is superposed on the background color of 353 gregarious locus to yield the black pattern. 354 Our results show that the black pattern of gregarious locusts is not caused 355 by an increase in melanin but is caused by the interaction of different pigments.
356
This pigment interaction has a colored palette effect that results in black (Caro, 2009; Hemmi et al., 2006) . Animal coloration is a prominent 390 phenotypical feature that serves multiple important functions, including social 391 signaling, antipredator defense, parasitic exploitation, thermoregulation, and 392 protection from ultraviolet light, microbes, and abrasion (Bell et al., 2017; Caro 393 et al., 2016; Cuthill et al., 2017; Duarte et al., 2017; Duarte et al., 2016) .
Therefore, the mechanisms of color variation are highly conserved and can 395 offer insights into the adaptive evolution of gene regulation. Our study shows a 396 new "palette effect" mechanism by which the red βCBP-β-carotene pigment 397 complex can act as a switch to coordinate between black and green coloration. 
413
RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent) to verify 414 RNA integrity. cDNA libraries were prepared according to Illumina's protocols.
415
The adaptor sequences in the raw sequencing data were filtered using 416 20 Trimmomatic-0.30 (Bolger et al., 2014) . We performed the de novo 417 transcriptome assembly by using Trinity software (trinityrnaseq r20140717).
418
Clean reads were mapped to the de novo transcriptome assembly in the insects were fed a synthetic diet without β-carotene and exposed to crowding.
463
Rearing jars were cleaned and fresh diets were provided every day. A total of 464 29 nymphs were fed a synthetic diet in each of the treatment and control groups. second-instar nymphs were fed a synthetic diet containing β-carotene and then 468 subjected to crowding. One stadium later, these nymphs were injected with 3 469 μg dsβCBP or dsGFP control and then isolated. One stadium after the dsRNA 470 injection, the nymphs were subjected to body color analysis. in the gregarious and solitary locust integuments was evaluated using HPLC. 817 qPCR and HPLC data are shown as the mean ± SEM (n = 6). Western blot 818 bands were quantified using densitometry, and the values are expressed as the 819 mean ± SEM (n = 3); the same letter indicates that the data are not significantly 820 different.
821
The following figure supplement is available for figure 2: 822 Source data 1. Numerical data that are represented as graphs in Figure 2A, Fluorescence signals of βCBP were determined in gregarious (G) locusts after 856 37 βCBP silencing coupled with isolation and in solitary (S) locusts after feeding 857 with β-carotene diet coupled with crowding. (F, G) Fluorescence signal intensity 858 of βCBP was quantified using ZEN 2.1 software and expressed as the means 859 ± SEM (n = 3). (H) β-carotene content was evaluated in gregarious locusts after 860 βCBP silencing coupled with isolation and in solitary locusts after feeding with 861 β-carotene diet coupled with crowding by using HPLC. qPCR and HPLC data 862 are shown as the means ± SEM (n = 6). Western blot bands were quantified 863 using densitometry, and the values are expressed as the means ± SEM (n = 3); 864 *p < 0.05; **p < 0.01; ***p < 0.001.
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The following figure supplement is available for figure 3: 866 Source data 1. Numerical data that are represented as graphs in Figure 3A 
